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Abstract
Performance of a microencapsulated phase-change material (PCM) as a heat-transport medium in an evacu-
ated heat pipe solar collector was evaluated and the results compared with those using water. Collector effi-
ciency was experimentally determined according to the method based on European Standard EN 12975–2:
2006. This method proved unsuitable when using an encapsulated PCM suspension. A modified test method
was proposed, which was appropriate for predicting solar collector efficiency when using a phase-change
fluid. Average solar collection efficiency when using a PCM suspension was higher than that using water.
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1 INTRODUCTION
Microencapsulated phase-change material (MPCM) suspensions
have been used in thermal systems for energy storage and trans-
portation purposes [1–3]. MPCM suspensions have many advan-
tages over conventional single-phase fluids. The apparent specific
heat of a suspension is higher because of its latent heat effect,
which can greatly enhance heat-transfer performance between
the suspension and heat-transfer surface. Suspensions also have
higher thermal energy storage capacity. Furthermore, agglomer-
ation and deposition of particles in the carrier fluid are avoided
because the phase-change material (PCM) is separated from the
carrier fluid by a thin plastic shell.
Compared with sensible heat storage, application of a PCM as a
storage medium is more efficient, because it offers a high thermal
energy density in a small temperature differential range, due to its
high apparent specific heat during the phase-change process [4].
PCMs are widely used as storage media for air-conditioning, heat-
ing, and cooling applications [5]. The major drawback of PCMs is
their low thermal conductivity, which affects heat transfer inside
the storage tank. Microencapsulation is one technique used to
improve these heat-transfer characteristics [6]. Encapsulation
methods and their advantages were discussed by Oró et al. [7].
It was concluded that microencapsulation is an efficient way to
ensure the thermal, structural and chemical stability of PCMs.
Existing techniques for microencapsulation were reviewed by
Zhai et al. [8]. Diaconu et al. [9] studied the natural convective
heat transfer occurring inside an MPCM. Farid et al. [10] com-
pared the mechanical stability of different MPCMs with respect
to the number of heating and cooling cycles that could be
achieved. Allouche et al. [11] studied the thermophysical prop-
erties and natural convective heat transfer of an MPCM slurry,
comparing the results with those obtained for water.
Studies of MPCM suspension heat-transfer characteristics
have been carried out by both theoretical analyses and experi-
mental tests, but most have been based on numerical method-
ologies. For example, laminar heat-transfer characteristics of an
MPCM slurry in a circular tube were investigated numerically
[12], where 3D laminar flow and heat-transfer modeling were
developed to predict the system performance. A model describ-
ing the thermal behavior of PCM slurry flow in a circular duct
was developed [3], which could be used to predict the minimal
length of the exchanger required for complete freezing of all par-
ticles in the slurry. Laminar convective heat-transfer enhance-
ment of an MPCM slurry in a tube with constant heat flux was
also investigated numerically and different carrying fluids were
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compared [13]. Most experimental studies reported in the litera-
ture were carried out under constant heat flux [14–17] or con-
stant wall temperature [18] conditions.
Studies of the direct application of PCM’s as heat transfer
fluid (HTF) in solar thermal collectors have been studied
extensively in literature and in experiments. For instance, in
reference [19], an MPCM slurry thermal energy storage was
proposed in a residential solar energy system. Kasza proposed
a system that directly uses PCMs inside water based suspen-
sions [20] as an enhanced HTF in the primary loop of solar
collector systems. Gianluca et al. [21] proposed a flat-plate
solar thermal collector with an MPCM slurry, a prototypal
system was presented and the possible advantages and draw-
backs were discussed. A numerical model was presented and a
simulation of a flat-plate solar thermal collector with PCM slur-
ry as HTF were proved by Gianluca et al. [22]. Simulations were
in fact carried out assuming a fixed and constant flow rate for all
the locations and over time.
Differential scanning calorimetry (DSC) is widely used by
researchers to determine the phase-change temperature range
and quantify the cold storage capacity of PCMs. Scanning meth-
od and rate are important factors influencing the accuracy of this
results. The stepwise method has been found to be more accurate
and less sensitive to operating parameters than the dynamic
method [23]. The influence of heating and cooling rates on the
precision of DSC results has also been studied: better accuracy is
generally obtained at slower scanning rates [24]. Lazaro et al.
[25] determined the enthalpy of a PCM using three different
DSC procedures and identified the influencing factors on the
measured results.
The ‘European Standard EN 12 975–2: Thermal Solar Systems
and Components—Solar Collectors—Part 2: Test Methods’ (EN
12 975–2: 2006) is most widely used to evaluated the perform-
ance of solar collectors in Europe. For normal fluids, such as
anti-freeze and pure water, the standard methods are appropri-
ate; however, for phase-change fluids, such as microencapsulated
PCM suspensions, these do not work. Modifications to the test
methods are therefore necessary.
In this study, an experimental analysis of the heat transfer in
sensible and latent storage mediums using water and an MPCM,
under identical operating conditions, was performed. The MPCM
slurry was PC210 (Ciba, BASF), used at a concentration of 50%
v/v, which has a phase-change temperature around 30°C. This
material is assessed for the first time to evaluate its potential to be
integrated into a solar thermal energy system.
2 MATERIAL PROPERTIES AND
EXPERIMENTAL PROCEDURE
2.1 Characteristics of PCM
The selection of PC210 as the PCM was based on the fact that
its phase-change temperature range. The reason of applying
PC210 as HTF with a phase change interval between 23 and
32°C is the load application is low temperature heating system
such as underfloor heating, its required work temperature is
~30°C. Characterization of the thermal properties of the
selected PCM is a key factor for proper understanding of the
heat-transfer process in the solar thermal system. The physical
properties of PC210, as provided by the manufacturer, are listed
in Table 1.
2.2 Morphology of encapsulated PCM
The MPCM was prepared by microencapsulating 99% n-octade-
cane with gelatine using the process of coacervation. The process
produces cross-linked microcapsules with diameters in the range
of 1–260 μm. Several batches of microencapsulated n-octadecane
were prepared to determine the best chemical composition
(PCM and nucleating agent) to minimize the phenomenon of
supercooling and ensure long-term durability of the microcap-
sules. Figure 1 shows the particle size distribution of the suspen-
sion as measured by scanning electron microscopy (SEM).
Table 1. Physical properties of MPCM suspension (BASF Ciba PC210
Product Instructions).
Product color White
Appearance Emulsion
Mass fraction (%) 46.8
Volume concentration (%) 50
Particle size (μm) 1.62~4.7
Viscosity (cps) 380
DSC calorific value (test method 1597) (J/g) 53
Density of suspension (g/L) 900
Density of capsule (g/L) 800
Thermal conductivity (in the liquid form) (W/mK) 0.4
Specific heat (outside of the phase change region) (J/g K) 3
Figure 1. Encapsulated PC210 as measured by scanning electron microscopy.
Mean particle size: 1–2 μm; shell thickness: 100 nm (from Ciba PC210
Manual).
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2.3 Thermal property characterization by DSC
A DSC is often used to determine the thermal properties of micro-
encapsulated PCM suspensions, which is a critical step in their
characterization. The technique measures the amount of heat
absorbed or released by a sample of known mass in comparison
with a standard reference heated or cooled at a predefined rate.
The resulting energy–temperature curve is used to determine the
latent heat of fusion and melting point. More information on DSC
methods and equipment can be found in ASTM E 1269. A TA
Instruments 2920 Modulated DSC was used to determine the ther-
mal properties of the MPCM suspension. It was calibrated by per-
forming baseline, cell constant and temperature calibration runs.
The built-in software compared the data from all the calibration
runs and determined the baseline slope, baseline offset, cell constant
values and temperature corrections, which were taken into consid-
eration in computing the thermal properties. DSC tests were car-
ried out to measure the latent heat of fusion and melting point of
bulk octadecane with and without nucleating agent. the results are
shown in Figure 2. The heats of fusion were measured as 47.7 J/g
during the heating process and 52.6 J/g during the cooling process,
and the melting and crystallization temperatures were determined
as 26 and 30.85°C, respectively. The discrepancies were attributed
to supercooling. To avoid any degree of supercooling (difference
between melting and solidification points), a batch of MPCM con-
taining 0.2% fumed silica as a nucleating agent was prepared.
Figure 3 shows the melting and solidification temperatures
as determined by direct experiment: the results are the same as
those of the DSC analysis.
The specific heat of the MPCM suspension was calculated accord-
ing to the formula presented by Hu and Zhang [26] as follows:
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where cp is the specific heat (J kg
−1 K−1); T is the tempera-
ture; b is the bulk fluid (MPCM suspension); s is the shell; and
0 is the non-phase change state.
Figure 4 shows that the Equation (1) can be used to predict
the specific heat of PC210 properly.
3 EXPERIMENTAL SYSTEM AND APPROACH
A schematic of the experimental rig is shown in Figure 5. The
major components were a suspension reservoir used as the stor-
age tank, a vacuum heat pipe solar collector (consisting of 20
heat pipes and a manifold), a pressure transmitter, a peristaltic
pump, an auxiliary heat resource (comprising a boiler with an
immersion heater, a cylinder and a coil heat exchanger), a pyr-
anometer, a floodlight array framework and a data acquisition
system (computer and DT500 data logger). An environmental
chamber was used to simulate different climatic conditions with
constant ambient temperature and humidity.
The experiments were carried out in a 100 L horizontal heat
storage tank equipped with two coil heat exchangers at the
Figure 2. Differential scanning calorimetry heating and cooling curves for
MPCM suspension of PC210.
Figure 3. Experimental determination of thermal parameters of MPCM
suspension.
Figure 4. Specific heat from DSC curve vs that from Equation 1.
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bottom for the auxiliary charging process, and a similar one at
the top to ensure discharging for hot water application. The
MPCM slurry was PC210 (Ciba, BASF), used at a concentration
of 50% v/v, which has a phase-change temperature around
30°C. This material is assessed for the first time to evaluate its
potential to be integrated into a solar thermal energy system.
The solar collector was a Mazdon 20–TMA600s evacuated tube
collector, supplied by Thermomax Kingspan Renewables Ltd. (UK).
The absorber area of the collector was 2.143m2, the gross area was
3.032m2, and the aperture area was 2.573m2. Its relative efficiency,
for a solar irradiance of 800W/m2, as supplied by the manufac-
turer, is shown in Figure 6. The red line shows the solar efficiency
based on the absorber area; the blue line shows that based on aper-
ture area, and the green line is based on gross area. In this study, all
test results reported are based on the absorber area.
According to the requirements documented in Section 6.1.5.2
of EN 12 975–2: 2006, a floodlight array should be installed as the
solar irradiance simulator. In such tests, it is difficult to produce a
uniform beam of simulated solar radiation; therefore, it is necessary
to measure a mean irradiance level over the collector aperture.
The test procedure accurately followed Section 6.1.5.5 of EN
12 975–2: 2006. Eight test points are considered adequate for
testing using solar simulators, provided that at least four differ-
ent inlet temperatures are used and adequate time is allowed
for the temperature to stabilize. One inlet temperature should
lie within 3 K of the ambient air temperature.
4 RESULTS
4.1 Water test
Tests using water as the heat-transport medium were first car-
ried out. The water was passed through the collector manifold
at a mass flow rate of 2.4 kg/min. The results obtained (Table 2)
were used to calculate the solar collector efficiency (Figure 6)
according to the equation prescribed by EN 12 975–2: 2006,
where f is the single-phase fluid (water) and A is the area:
η = ⋅ ̇ ⋅ ( − )
⋅
( )c m T T
A G
. 2p,f out in
From the experimental data shown in Figure 7, it was evident
that the solar collector was operating well, according to EN 12
975–2: 2006: the error of efficiency difference between test and
fact sheet was <1%, which was within the permissible range.
4.2 Test using MPCM suspension
A test in which the MPCM suspension was employed as the
fluid medium was then carried out under the same conditions.
Figure 5. Schematic of solar thermal energy storage experimental system.
Figure 6. Solar efficiency of TMA600s (Product Fact Sheet), Tm
* = (Tout − Tin)/G.
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The experimental data are shown in Table 3. The specific heats,
cp, of the sequences were obtained using Equation (1). The effi-
ciency was calculated from Equation (3) and the results are
shown in Table 3 as well:
η = ⋅ ̇ ⋅ ( − )
⋅
( )c m T T
A G
. 3p out in
Figure 8 shows the results obtained using the traditional test
method based on EN 12975–2: 2006. The fitted curve has a signifi-
cant inflexion. In the phase-change region (Sequences 1 and 2), for
Sequence 1, the temperature difference between the inlet and outlet
is 8.24°C, and that of the single-phase fluid (water) is 14.2°C; for
Sequence 2, they are 7.35 and 12.6°C, respectively. The temperature
difference of MPCM slurry is much lower than that of water due to
latent heat released during the phase-change process. The qualitative
temperature of the specific heat of the heat-transport medium was
the mean fluid temperature. If the mean temperature is not within
the phase-change region and that of fluid entering the phase-change
region during the latter part of the test, the efficiency will be too
low, as determined using the traditional test method. EN 12 975–2:
2006 is therefore not suitable for this phase-change fluid.
5 MODIFIED SOLAR COLLECTOR
EFFICIENCY TEST METHOD
A modified test method for measuring solar collector efficiency
was performed, which took into account the phase-change inter-
val of the MPCM suspension. For traditional media, such as
water, this approach works very well because the specific heat
of water is essentially unchanged during temperature interval,
Tout – Tin. This method is suitable for most single-phase fluids
that do not undergo a phase change, such as water and glycol.
Owing to phase changes in the MPCM suspension, however,
the apparent specific heat is a function of temperature during the
phase-change interval and may change immediately when
the temperature of the fluid enters this interval. The length of
the heat-exchange section with heat pipes in a manifold channel
is too short to assume that the specific heat of the suspension
remains constant in each section. In the modified test method,
the measurement points were selected in the middle of two adja-
cent heat-exchange sections, so the temperatures before and
after the fluid flowed through each heat pipe could be obtained.
The measurement points are shown in Figure 9.
As shown in Figure 9, there were n + 1 measurement points,
including the inlet and outlet temperatures. The results are given in
Table 3 and the temperature distributions are presented in Table 4.
The solar collector efficiency was calculated using Equation (4):
∑
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⋅ ⋅ ( − )
⋅
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+c T T
A G
m
. 4i
n
p i i i
1
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The results are shown in Table 5 and Figure 10.
6 COMPARISON BETWEEN EN 12 975–2:
2006 AND MODIFIED METHOD FOR MPCM
SUSPENSION
To compare and verify the two test methods for solar col-
lector efficiency, another set of experimental data, in which
Table 2. Water test results for TMA600s solar collector (solar irradiance, G = 800W/m2; Ta = 20°C, a = ambient; mass flow rate, ṁ = 2.4 kg/min).
Tin (°C) Tout (°C) Tmean (°C) (Tmean − Ta)/G Tout − Tin (°C) Efficiency (test), η Efficiency (fact sheet)
21.2 28.4 24.8 0.006 7.20 0.743 0.760
19.8 26.9 23.4 0.004 7.10 0.733 0.753
40.6 47.3 43.9 0.030 6.70 0.691 0.712
41.4 47.9 44.7 0.031 6.50 0.681 0.706
59.4 65.1 62.2 0.053 5.70 0.645 0.671
61.1 66.9 64.0 0.055 5.80 0.642 0.665
79.1 84.2 81.7 0.077 5.10 0.595 0.618
80.3 85.2 82.8 0.078 4.90 0.583 0.609
Figure 7. Relationship between solar collection efficiency, η, and (Tmean –
Ta)/G as determined from test results for the TMA600s evacuated heat pipe
solar collector using water as the heat-transport medium.
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the PCM concentration was 30% and the mass flow rate was
2.4 kg/min, were selected to calculate the efficiency using the
modified test method. The measurement points shown in
Figure 9 were employed. The qualitative temperature of the
specific heat for each heat-exchange section was given by the
mean temperature, Tmean,i = (Ti + Ti + 1)/2, The results are
given in Table 6 and the temperature distribution is shown
in Table 7.
According to Equation (1) (a sine curve), and based on the
qualitative temperature (Tmean,i) and the specific heat of each
heat-exchange component, the solar collector efficiency was cal-
culated using Equation (4). The results are shown in Table 8.
Figure 11 shows the results of the traditional test method
based on EN 12 975–2: 2006 with those of the modified test
method for the MPCM suspension. The fitted curve of trad-
itional test method has a significant inflexion. In the phase-
change region (Sequences 1 and 2), Table 8 and Figure 11 show
the solar collector efficiency in Sequences 1 and 2 are 59 and
56% for the concentration of 30%, and 58 and 51.7% for con-
centration of 20%, And the efficiency for water are 74.3 and
73.3%. It can be seen that the efficiency of solar collector with
MPCM slurry is much lower than that of a single-phase fluid.
Figure 11 shows that the modified test worked very well: the
Table 3. Experimental results for solar collector efficiency based on EN 12 975–2: 2006 standard (mass fraction, cm = 20%, G = 800W/m
2, flow rate
of medium = 2.0 kg/min, Ta = 20°C).
Sequence number Tin (°C) Tout (°C) Tmean (°C) (Tmean − Ta)/G Tout−Tin (°C) Efficiency
1 20.12 28.36 24.24 0.005 8.24 0.580
2 21.51 28.86 25.185 0.006 7.35 0.517
3 42.43 51.2 46.815 0.034 8.77 0.617
4 41.02 50.2 45.61 0.032 9.18 0.646
5 63.67 71.4 67.535 0.059 7.73 0.544
6 60.12 68.76 64.44 0.056 8.64 0.608
7 81.32 88.98 85.15 0.081 7.66 0.539
8 78.89 86 82.445 0.078 7.11 0.501
Figure 8. Solar collector efficiency test results for MPCM suspension, as cal-
culated based on EN 12975–2: 2006 standard.
Figure 9. Location of temperature measurement points for determination of
apparent specific heat of an MPCM heat-transfer medium.
Table 4. Experimental temperature distributions in test sections for
MPCM suspension.
Measure point
Temperature of sequences (°C)
1 2 3 4 5 6 7 8
1 20.12 21.51 42.43 41.02 63.67 60.12 81.32 78.89
2 20.48 21.48 42.46 41.46 63.42 60.44 81.4 78.4
3 20.96 21.96 42.92 41.92 63.84 60.88 81.8 78.8
4 21.44 22.44 43.38 42.38 64.26 61.32 82.2 79.2
5 21.92 22.92 43.84 42.84 64.68 61.76 82.6 79.6
6 22.4 23.4 44.3 43.3 65.1 62.2 83 80
7 22.88 23.88 44.76 43.76 65.52 62.64 83.4 80.4
8 23.36 24.36 45.22 44.22 65.94 63.08 83.8 80.8
9 23.84 24.84 45.68 44.68 66.36 63.52 84.2 81.2
10 24.32 25.32 46.14 45.14 66.78 63.96 84.6 81.6
11 24.8 25.8 46.6 45.6 67.2 64.4 85 82
12 25.28 26.28 47.06 46.06 67.62 64.84 85.4 82.4
13 25.76 26.68 47.52 46.52 68.04 65.28 85.8 82.8
14 26.24 27.04 47.98 46.98 68.46 65.72 86.2 83.2
15 26.66 27.36 48.44 47.44 68.88 66.16 86.6 83.6
16 27 27.64 48.9 47.9 69.3 66.6 87 84
17 27.32 27.9 49.36 48.36 69.72 67.04 87.4 84.4
18 27.6 28.16 49.82 48.82 70.14 67.48 87.8 84.8
19 27.86 28.4 50.28 49.28 70.56 67.92 88.2 85.2
20 28.12 28.64 50.74 49.74 70.98 68.34 88.6 85.6
21 28.36 28.86 51.2 50.2 71.4 68.76 88.98 86
Table 5. Solar collector efficiency calculation results.
Sequence number 1 2 3 4 5 6 7 8
Efficiency 0.75 0.758 0.715 0.696 0.655 0.662 0.599 0.608
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average efficiency when using the MPCM suspension as the
heat-transport medium was higher than that using water.
7 CONCLUSIONS
Laboratory tests were carried out to determine the solar collector
efficiency using an MPCM suspension as the heat-transport
medium. The experimentally determined efficiency was in the
range of 60–80% and decreased with increasing value of (Tmean –
Ta)/G. For the MPCM suspension collector, a set of tests were
carried out under indoor conditions using a solar simulator.
The results obtained based on the European Standard EN
12 975 test method showed significant inflexion when the heat-
transport medium was a MPCM suspension, owing to the
phase change of this material. It was necessary to modify the
test method for solar collector efficiency when using such sus-
pensions. Comparison of experimental results showed that the
modified test method could accurately predict the glazed solar
collector efficiency when using the phase-change fluid as the
heat-transport medium. The average solar collector efficiency
Figure 10. Experimental results for solar collector efficiency using MPCM
suspension as the heat-transfer medium.
Table 6. Experimental results for 30% concentration of MPCM slurry.
Sequence
number
Tin °C Tout °C Tmean °C (Tmean − Ta)/G Tout − Tin °C
1 20.11 27.1 23.605 0.005 6.99
2 21.3 28.02 24.66 0.006 6.72
3 40.26 48.47 44.365 0.03 8.21
4 41.11 49.5 45.305 0.032 8.39
5 61.32 68.71 65.015 0.056 7.39
6 62.41 69.54 65.975 0.057 7.13
7 82.63 89.22 85.925 0.082 6.59
8 79.52 86.24 82.88 0.079 6.72
Table 7. Results for temperature distribution for MPCM suspension.
Measure point
Temperature of sequences (°C)
1 2 3 4 5 6 7 8
1 20.11 21.3 40.26 41.11 61.32 62.41 82.63 79.52
2 20.64 21.44 40.42 41.42 61.38 62.38 82.36 79.36
3 20.62 21.88 40.84 41.84 61.76 62.76 82.72 79.72
4 21.11 22.32 41.26 42.26 62.14 63.14 83.08 80.08
5 21.74 22.76 41.68 42.68 62.52 63.52 83.44 80.44
6 21.75 23.2 42.1 43.1 62.9 63.9 83.8 80.8
7 21.87 23.64 42.52 43.52 63.28 64.28 84.16 81.16
8 22.57 24.08 42.94 43.94 63.66 64.66 84.52 81.52
9 23.02 24.52 43.36 44.36 64.04 65.04 84.88 81.88
10 23.53 24.96 43.78 44.78 64.42 65.42 85.24 82.24
11 23.26 25.4 44.2 45.2 64.8 65.8 85.6 82.6
12 23.78 25.84 44.62 45.62 65.18 66.18 85.96 82.96
13 24.59 26.28 45.04 46.04 65.56 66.56 86.32 83.32
14 24.70 26.6 45.46 46.46 65.94 66.94 86.68 83.68
15 24.97 26.88 45.88 46.88 66.32 67.32 87.04 84.04
16 25.22 27.12 46.3 47.3 66.7 67.7 87.4 84.4
17 26.00 27.34 46.72 47.72 67.08 68.08 87.76 84.76
18 26.30 27.54 47.14 48.14 67.46 68.46 88.12 85.12
19 26.37 27.72 47.56 48.56 67.84 68.84 88.48 85.48
20 27.10 27.9 47.98 48.98 68.22 69.22 88.84 85.84
21 27.10 28.02 48.47 49.50 68.71 69.54 89.22 86.24
Table 8. Efficiency calculation results for MPCM suspension.
Sequence number 1 2 3 4 5 6 7 8
η(water) 0.743 0.733 0.691 0.681 0.645 0.642 0.595 0.583
η(30%, EN 12975) 0.59 0.568 0.694 0.679 0.624 0.602 0.557 0.568
η(30%, Modified) 0.771 0.764 0.716 0.728 0.675 0.662 0.617 0.61
η(20%, EN 12975) 0.58 0.517 0.617 0.646 0.544 0.608 0.539 0.501
η(20%, Modified) 0.75 0.758 0.715 0.696 0.655 0.662 0.599 0.608
Figure 11. Comparison between EN 12 975–2: 2006 and modified test method
for MPCM suspension.
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when using the MPCM suspension as the heat-transport medium
was higher than that using water. At temperatures below 4°C, the
MPCM suspension collector average efficiency was ~76%, while
that of the traditional solar collector was ~72%; however, because
operating temperatures of solar collectors are typically much high-
er than 40°C, this benefit has little practical relevance.
To validate the accuracy of the modified test method and
investigate the performance of other MPCM suspensions, fur-
ther experiments should be carried to include testing of the
MPCM in different types of solar collectors (at low and high
temperatures) and the use of other MPCMs with different
phase-change temperature ranges. Full-scale demonstration of
the technology in actual buildings is also required.
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